ABSTRACT Nigella sativa, commonly referred as black cumin, is a popular spice that has been used since the ancient Egyptians. It has traditionally been used for treatment of various human ailments ranging from fever to intestinal disturbances to cancer. This study investigated the apoptotic, antimetastatic, and anticancer activities of supercritical carbon dioxide (SC-CO2) extracts of the seeds of N. sativa Linn. against estrogen-dependent human breast cancer cells (MCF-7). Twelve extracts were prepared from N. sativa seeds using the SC-CO2 extraction method by varying pressure and temperature. Extracts were analyzed using FTIR and UV-Vis spectrometry. Cytotoxicity of the extracts was evaluated on various human cancer and normal cell lines. Of the 12 extracts, 1 extract (A3) that was prepared at 60°C and 2500 psi (*17.24 MPa) showed selective antiproliferative activity against MCF-7 cells with an IC50 of 53.34 -2.15 lg/mL. Induction of apoptosis was confirmed by evaluating caspases activities and observing the cells under a scanning electron microscope. In vitro antimetastatic properties of A3 were investigated by colony formation, cell migration, and cell invasion assays. The elevated levels of caspases in A3 treated MCF-7 cells suggest that A3 is proapoptotic. Further nuclear condensation and fragmentation studies confirmed that A3 induces cytotoxicity through the apoptosis pathway. A3 also demonstrated remarkable inhibition in migration and invasion assays of MCF-7 cells at subcytotoxic concentrations. Thus, this study highlights the therapeutic potentials of SC-CO2 extract of N. sativa in targeting breast cancer.
INTRODUCTION
A poptosis, a process of programmed cell death characterized by activation of caspases, leads to the loss of mitochondrial membrane permeability, blebbing of cell membrane, nuclear chromatin condensation, shrinkage of cells, formation of apoptotic bodies, and phagocytosis of cell debris. 1 In breast carcinoma, increased apoptosis leads to a low degree of differentiation, tumor aneuploidy, and ultimately decreased malignancy. 2 A number of apoptosis inducers have been developed and successfully applied as breast cancer medicines, such as tocotrienols, RRR-atocopherol, 3 and bisphosphonates. 4 Nigella sativa Linn. (Ranunculaceae) is a well-known traditional medicinal plant, commonly known as black seed. Traditionally, the seeds of N. sativa have been used to treat various illnesses, including cancer, fever, infections, and intestinal disturbances. 5 The seeds are also used as condiments, carminatives, appetizers, stimulants for menstrual flow (emmenagogue), tonics, and for increasing milk yield (galactagogue). 6 A number of studies have validated the traditional uses of N. sativa, such as antibacterial, 7 antihistamine, 8 and antioxidant effects. 9 N. sativa seed extracts and the isolated active principles, thymoquinone (TQ) and dithymoquinone showed cytotoxic activity against several tumor types and prevented tumor growth in mice [10] [11] [12] [13] and induced telomere attrition and apoptosis.
reactions in the extract that tend to occur during solvent extraction such as oxidation and hydrolysis. 15 Supercritical carbon dioxide (SC-CO 2 ) extraction is the most popular SFE method. It has many advantages, since it is efficient, fast and environmentally safe, nontoxic, nonexplosive, nonflammable, and inert to solutes. CO 2 is gaseous at room temperature and pressure and this leads to a very simple recovery of the extract and results in solvent-free extracts. 16 In the present study, the proapoptotic and antimetastatic activities of SC-CO 2 extracts of N. sativa obtained from various extraction parameters (varying pressures and temperatures) were evaluated in a panel of human cancer cell lines.
MATERIALS AND METHODS

Materials
The SC-CO 2 extractor (SFX-220 SFE system) was obtained from ISCO. Dimethyl sulfoxide (DMSO), FolinCiocalteau reagent, TQ, tamoxifen, betulinic acid, Hoechst 33258 stain, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) were purchased from SigmaAldrich. Caspases 3/7, 8, and 9 were purchased from Promega and MatrigelÔ (10 mg/mL) was obtained from BD Bioscience.
Plant material
N. sativa seeds were purchased from a local market in Seiyun, Yemen. The plant was authenticated at the Herbarium Department, School of Biological Sciences, Universiti Sains Malaysia (USM) with a voucher number (11221-N. sativa-22/3/2011). The seeds were washed, dried, pulverized, and sieved into particles of 0.5 mm.
Cell culture and cell lines
Human cell lines, HCT 116 (colorectal carcinoma), MCF-7 (hormone sensitive and invasive breast cancer), MDA-MB-231 (hormone resistant breast cancer), Hep G2 (hepatocellular carcinoma), PC-3 (prostate carcinoma), and CCD-18Co (normal colonic fibroblasts) were obtained from ATCC. Cells were cultured at 5% CO 2 humidified atmosphere at 37°C in a growth medium supplemented with 10% heat inactivated fetal bovine serum and 1% penicillin/ streptomycin. HCT 116 and MCF-7 cells were cultured in RPMI-1640 and MEM media, respectively. PC-3 cells were cultured in F-12K, while MDA-MB-231, Hep G2, and CCD18Co cells were grown in the DMEM.
SC-CO 2 extraction
SC-CO 2 extraction was employed using SFX-220, SFE system to obtain 12 extracts from N. sativa seeds (A1, A2, A3, B1, B2, B3, C1, C2, C3, D1, D2, and D3). Briefly, 1.2 g powder was extracted for 60 min with liquefied CO 2 at various pressures (2500, 3000, 4500, and 6000 psi; *17.24, 20.68, 31.03, and 41.37 MPa) and temperatures (32°C, 45°C, and 60°C) at a CO 2 flow rate of 2 mL/min.
Characterization and phytochemical analysis FTIR. FTIR spectra were recorded at a wavelength ranging from 4000 to 400 cm -1 using an FTIR spectrometer (Thermo. Nicolet Nexus 670; Thermo Scientific) equipped with OMNIC application software (Thermo; Electron Corporation).
UV-Vis spectrophotometry. UV-Vis spectrophotometry was carried out using a Lambda25 UV/Vis spectrophotometer system operated with UV WinLab V2.85 software (Perkin Elmer). Samples were prepared in methanol at 100 lg/mL, and were scanned at the wavelength range from 500 to 200 nm.
Total phenolic and flavonoid contents
Total phenolics were determined using the FolinCiocalteau reagent with gallic acid as a standard and the result was expressed as mg of gallic acid equivalent. 17 Total flavonoids were determined using the AlCl 3 colorimetric method with quercetin as standard and the result was expressed as mg of quercetin equivalent. 18 
Cell viability
MTT assay 19 was performed to assess the cytotoxicity of the extracts on various cancer cell lines (HCT 116, MCF-7, PC-3, MDA-MB-231, and Hep G2). CCD-18Co was used as the model cell line for normal cells. The assay plates were read using a microtiter plate reader (Hitachi U-2000) at 570 nm absorbance. DMSO (1%) was used as a negative control.
In vitro apoptotic and antitumorigenic activity of A3 on MCF-7 cells Effect of A3 on caspases 3/7, 8, and 9. The assays were carried out according to the manufacturer's protocol (Promega). MCF-7 cells were treated with various concentrations of A3 (60-120 lg/mL) for different time intervals (3, 6 , and 9 h). Tamoxifen (10 lg/mL) was used as a positive control, and DMSO (1%) as a negative control. Subsequently, an equal volume of freshly prepared caspase 3/7, 8, or 9 substrates were added, incubated at room temperature for 30 min, and luminescence was measured using the Infinite M200 PRO microplate reader (Tecan Group Ltd.). The results were expressed as the fold changes in the caspase activity relative to the negative control.
Nuclear chromatin condensation of MCF-7 cells. The effect of A3 on nuclear chromatin condensation in MCF-7 cells was quantified by fluorescence microscopy using Hoechst 33258 stain. 20 The cells treated with A3 (20, 40, and 60 lg/mL) or 1% DMSO for 24 h, were fixed, stained, and photographed at 20 · magnification, using a digital microscope (EVOS fl; Advanced Microscopy Group). The percentage of apoptotic index was presented as mean of experiments performed in triplicates.
Transmission electron microscope MCF-7 cells were treated for 24 h with A3 (40 and 80 lg/ mL) or 1% DMSO. Cells were fixed with 0.1 M McDowellTrump and stained with 1% osmium tetroxide. The cells were then solidified in 2% agar, cut into small slides, and dehydrated in ethanol followed by acetone. The slides were embedded in resin and infiltrated five times in Suprr's mixture at 60°C for overnight. Subsequently, cells were molded in resin, sliced into semithin (1 lm) and ultrathin sections (0.1 lm). The semithin sections were stained with toluidine blue, whereas the ultrathin sections were collected in copper grids and stained with uranyl acetate and lead citrate. Finally, the cells were photographed using transmission electron microscope (TEM) at 1600 · magnification.
Colony formation
The effect of A3 on clonogenicity of MCF-7 cells was investigated by the colony formation assay. 21 Briefly, MCF-7 cells (500 cells/mL) were seeded in six-well plates and incubated for 12 h. Subsequently, cells were treated for 48 h with A3 (10, 20, 40 , and 60 lg/mL) or tamoxifen (10 lg/ mL) or 1% DMSO. The cells were maintained for 10 days until sufficiently large colonies ( ‡ 50 cells) were produced. The colonies were fixed, stained with 0.2% crystal violet, and counted under stereomicroscope. The percentage of plating efficiency (PE%) and percentage of surviving fraction were calculated.
Cell migration
Cell migration assay was conducted as described by Liang et al. 22 MCF-7 cells were seeded in 24-well plates and incubated for 48 h to achieve an almost 100% confluent monolayer. A straight scratch was created using a 200-lL micropipette tip, and the cells were treated immediately with A3 (20 and 40 lg/mL) or 0.5% DMSO. The wound was photographed at 0, 12, and 24 h. The distance of the cell-free area was measured using Leica Quin software, and the results are presented as percentage of inhibition of migration in comparison to the negative control.
Cell invasion
Invasion assay was performed using Matrigel as an artificial basement membrane matrix. 23 Matrigel in MEM (1:1) was pipetted and incubated for 45 min to solidify. MCF-7 cells (5 · 10 3 per well in 96-well plates) were treated for 24 h with 0.5% DMSO or A3 (concentrations of 20 and 40 lg/mL). Subsequently, the upper media were carefully aspirated and noninvading cells were washed off gently, and cells were photographed microscopically. Invading cells were counted and the result was reported as percentage inhibition of invasion relative to untreated cells.
Statistical analysis
Results were calculated as mean -SD of triplicates of three independent experiments and analyzed using SPSS 16.0 package. Differences were tested by one-way ANOVA followed by post hoc-Dunnett's or Tukey's-tests. Correlations were calculated by the bivariate, two-tailed Pearson's test; while R 2 values were analyzed by the linear regression test. Significance was considered at P < .05.
RESULTS
Yield of SC-CO 2 extracts of N. sativa seeds
Cumulative percentage yields of the N. sativa seed extracts were calculated at intervals of 15 min. The percentage yield increased significantly with increasing extraction time.
The results indicate that 60 min is the optimum extraction time of N. sativa seeds by SC-CO 2 ( Table 1 ). The extraction pressure showed a significant positive correlation with the percentage yield at 32°C, 45°C, and 60°C with R 2 = 0.89, 0.94, and 0.96, respectively (Fig. 1a) . On the contrary, the Results are represented as mean -SD (n = 3), P < .05. SC-CO2, supercritical carbon dioxide.
extraction temperature showed a negative correlation with the percentage yield at 2500 psi (R 2 = 0.90) and 3000 psi (R 2 = 0.98), whereas a lower effect of temperature on percentage yield was observed at 4500 psi (R 2 = 0.64) and 6000 psi (R 2 = 0.53) (Fig. 1b) .
Phytochemical study of the extracts FTIR analysis. FTIR spectra of the extracts (Fig. 2 and  Table 2 ) depict the related functional groups of transmittance bands of the corresponding wavelengths. 24 UV-Vis spectrophotometry. Figure 3 shows that all of the 12 extracts have absorbances at 252.03-252.32 nm at different intensities, which refer to the presence of conjugated homoannular diene. This region of k max also indicates the conjugation of diketones (such as p-benzoquinone) and aromatic carbonyl compounds, an aromatic characteristic of the oil of N. sativa.
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Total phenolic and total flavonoid content
The result of quantitative analysis of total phenolic and total flavonoid content of N. sativa seed extracts is presented in Table 3 . Table 4 shows the effect of different extracts of N. sativa on various human cell lines after 48 h of treatment. Among all extracts, the extract prepared at 2500 psi and 60°C (A3) exhibited the greatest selective cytotoxicity against MCF-7 (Fig. 4) .
Effect on cell viability
In vitro proapoptotic activity of A3 on MCF-7
Activation of caspases 3/7, 8, and 9. The cellular levels of apoptotic markers, caspases, were estimated to explore the mechanism of action of A3 by which the extract induced toxicity in MCF-7 cells. The effect of A3 was studied at three different time intervals (3, 6 , and 9 h). Treatment of MCF-7 cells with A3 for either 3 or 6 h did not elevate caspase levels, whereas the treatment for 9 h caused significant activation of caspases 3/7 at 100 and 80 lg/mL by 2-and 1.5-fold, respectively. At 60 lg/mL, there was insignificant elevation of the level of caspases when compared to the negative control (Fig. 5a ). A3 also activated caspase 8 at 100 and 120 lg/mL by two-and sevenfold. On the other hand, A3 did not show significant elevation in the level of caspase 9 (Fig. 5b) .
Nuclear morphology and chromatin condensation. The effect of A3 on nuclear morphology of MCF-7 cells was investigated by staining the nucleus with Hoechst 33258 stain. Figure 5c illustrates that the untreated cells displayed All 12 The extracts A1, A2, and A3 (pressure 2500 psi), (b) the extracts B1, B2, and B3 (pressure 3000 psi), (c) the extracts C1, C2, and C3 (pressure 4500 psi), and (d) the extracts D1, D2, and D3 (pressure 6000 psi). Color images available online at www.liebertpub.com/jmf evenly stained nuclei, whereas cells treated with A3 (20, 40, and 60 lg/mL for 24 h) exhibited dose-dependent effects with clear signs of nuclear shrinkage, chromatin condensation, and nuclear fragmentation. At higher concentrations, a few cells also revealed the characteristic crescent-shaped nuclei, which is a typical apoptotic nuclear morphology. The apoptotic index of the negative control was 5.65% -1.13%, which was increased to 19.86% -3.93%, 42.43% -2.71%, and 52.37% -5.46% following treatment with A3 at 20, 40, and 60 lg/mL, respectively (Fig. 5d) . Figure 5e shows that untreated MCF-7 cells had intact cell membranes with dense cellular contents and prominent nuclei with conspicuous nucleoli. The cells treated with 40 and 80 lg/mL of A3 for 24 h displayed clear signs of apoptosis, accompanied with cell membrane disruption, blebbing, and apoptotic morphological alterations such as formation of various sized vacuoles and chromatin condensation. The nuclei of the cells treated with 40 lg/mL were smaller than the untreated cells and contain clear nucleoli, whereas at 80 lg/mL, the nucleolus was no longer apparent in the cells (arrows in Fig. 5e ).
Ultrastructural morphology by TEM
Inhibition of clonogenicity of MCF-7 cells
In this assay, MCF-7 cells were treated with A3 for 48 h. The clonogenicity study on MCF-7 cells indicated A3 to be cytotoxic at higher concentrations, while cytostatic at its lower concentrations, as evidenced by the decrease in the survival fraction (SF). The PE% was 24.13% -3.46%, SF at 10, 20, 40, and 60 lg/mL was 60.08% -4.07%, 48.7% -2.31%, 23.34% -2.28%, and 0%, respectively. The result is comparable with the standard reference, tamoxifen (10 lg/ mL), which inhibited colony formation completely (Fig. 6a) . Results are represented as mean -SD (n = 3). GAE, gallic acid equivalent; QE, quercetin equivalent. (Fig. 6b, c) . Significant reduction in MCF-7 cell motility was achieved at subcytotoxic concentrations of 20 and 40 lg/mL with 35.57% -5.11% and 63.22% -3.47% inhibition, respectively, at 12 h of treatment. At 24 h, the percentage inhibition was 22.33% -4.09% and 49.80% -5.89% at 20 and 40 lg/mL, respectively.
Inhibition of cell invasion
Cell invasion assay was performed on the Matrigel matrix and the results are shown as a percentage inhibition of invading cells. After a 24-h treatment period, the percentage inhibition was 79.29% -2.09% and 43.04% -2.25% following treatment with A3 at 40 and 20 lg/mL, respectively (Fig. 6d) .
DISCUSSION
The findings of the present study showed that, out of the 12 extracts, A3 (prepared at 2500 psi and 60°C) showed considerable antiproliferative activity against MCF-7 cells, whereas no cytotoxic effect was observed on other tested cancer cells, including the normal CCD-18Co cells. This indicates that A3 has potential selective cytotoxicity against MCF-7 cells. Apoptotic effects of A3 were investigated to further elucidate its mode of action. Caspases are a family of enzymes that have important roles in cell apoptosis cascades. Their activation occurs at the early steps of apoptosis. 26 This subsequently activates other apoptosis triggering signals and leads to cell shrinkage, chromatin condensation, and fragmentation. Finally, the cascade culminates in the formation of apoptotic bodies.
27 A3 significantly stimulates the apoptosis activator (caspase 8) in MCF-7 cells, which is consequently coincided by the activation of apoptosis executioner (caspases 3/7). This results in a significant induction of apoptosis and survival suppression of MCF-7 cells, which further contributes to counteracting the breast cancer development. 28 The activation of caspases leads to nuclear chromatin condensation and DNA degradation. The segmentation of chromatin and formation of apoptotic bodies are indicators of apoptosis in the cells. The ultrastructural alterations of the A3 treated breast cancer cells were demonstrated using TEM, which showed obvious apoptotic signs. The shrinkage of nucleus and disappearance of nucleoli at 80 lg/mL of A3 indicated an advanced stage of apoptosis. 29 The induction of apoptosis controls various regulators that abrogate tumorigenesis and metastasis. 30 Tumor cells are shed daily as part of their movement in blood circulation, and the cells continue their extravasations and proliferation into the secondary sites, despite the daily hemodynamic stresses and body immunity. This is based on the cell migration and invasion cascades. 31 A3 suppressed colonization of MCF-7 cells in a dose-dependent manner. It is cytotoxic against MCF-7 cells at 60 lg/mL, where it irreversibly damaged the cell integrity, whereas at 10 and 20 lg/mL, it showed cytostatic effects. Cell migration and invasion are crucial processes that control tumorigenesis and metastasis. Inhibition of MCF-7 cell migration in vitro by A3 indicates that the extract could probably inhibit cell metastasis. 32 Treatment of MCF-7 cells with A3 resulted in a potent inhibition of cell migration toward the closure of the wound scratch, even after 12 and 18 h, indicating that the extract has a capability to suppress the motility of the breast cancer cells, whereas the wound was totally closed after 24 h in untreated cells. Cell invasion is one of the main hallmarks of metastatic cascade. 33 Although induction of caspase 8 activity in the early steps of apoptosis alters survival, it also inhibits cell invasion into the basement membranes. 33 The extract A3 activated caspase 8 in the MCF-7 cell line; thus it can be postulated that this leads to its inhibitory effect on invasion of MCF-7 cells. A3 significantly restricted invasion of MCF-7 cells into the Matrigel basement. This further technically supports the antimetastatic potential of A3 against breast cancer.
FTIR and UV-Vis spectrometric analysis of the extracts of N. sativa seeds resulted in obvious differences in their chemical constituents, which were related to the different bioactivities observed for the extracts. The antiproliferative, proapoptotic, and antimetastatic effects of A3 may be due to the collective contribution of its antioxidant-rich polyphenolic contents, particularly, TQ, thymohydroquinone, and alpha-hederin. 10, 13 Phenolic compounds counteract cancer either by means of antioxidant effect or by inhibiting the formation of carcinogenic metabolites that damage the vital biomolecules. 33, 34 Studies have shown that flavonoids have potent cytotoxic activities by induction of the apoptosis pathway. 35 In this study, the A3 extract was rich in total flavonoids and polyphenols, which might have contributed toward its overall anticancer effects observed in MCF-7 cells.
CONCLUSION
In conclusion, the present work provides good supporting evidence that the SC-CO 2 extract A3, prepared using 60°C and 2500 psi, interferes with the several physiological properties of MCF-7 breast cancer cells. The antitumorigenic effect of A3 may be due to the collective contributions of phytochemicals, particularly, TQ and thymohydroquinone. The findings reveal that SC-CO 2 extraction can be useful to produce potent extracts from N. sativa seeds that can induce apoptosis. It was found that the anticancer potency of this extract is highly dependent on extraction temperature and pressure. Higher extraction temperature (60°C) and lower extraction pressure (2500 and 3000 psi) produced the most potent extracts. The MCF-7 cell line was the most sensitive. A3 halted the proliferation and invasion of MCF-7 cells and caused significant apoptosis in the cell line by activating caspase 3/7 and 8.
